Synaptic Activation Causes the mRNA for the IEG Arc to Localize Selectively near Activated Postsynaptic Sites on Dendrites  by Steward, Oswald et al.
Neuron, Vol. 21, 741±751, October, 1998, Copyright 1998 by Cell Press
Synaptic Activation Causes the mRNA
for the IEG Arc to Localize Selectively
near Activated Postsynaptic Sites on Dendrites
required functions simultaneously involves synapse-
specific gene expression, whereby particular mRNAs
are translated locally at postsynaptic sites on dendrites.
The idea of synapse-specific gene expression had its
roots in the discovery of ªsynapse-associated polyribo-
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neurons (Steward and Levy, 1982; Steward, 1983; Stew-
ard and Fass, 1983). The selective localization of SPRCs
beneath synapses implied that signals generated by the
Summary
synapse somehow caused SPRCs to localize selectively
in the postsynaptic cytoplasm.
Polyribosomal complexes beneath postsynaptic sites Since the discovery of SPRCs, several of the mRNAs
on dendrites provide a substrate for local translation that are present in dendrites have been identified (Stew-
of particular mRNAs, but the signals that target ard, 1997; Steward and Singer, 1997). However, two
mRNAs to synapses remain to be defined. Here, we fundamental questions have remained unanswered: (1)
report that high frequency activation of the perforant whether certain mRNAs are delivered selectively to
path projections to the dentate gyrus causes newly postsynaptic sites so as to mediate synapse-specific
synthesized mRNA for the immediate-early gene (IEG) gene expression, and (2) whether signaling events at
Arc to localize selectively in activated dendritic seg- individual synapses regulate mRNA localization. The
ments. Newly synthesized Arc protein also accumu- present study provides new insights into these ques-
lates in the portion of the dendrite that had been synap- tions by demonstrating for the first time that appropriate
tically activated. The targeting of Arc mRNA was not patterns of synaptic activity cause one newly synthe-
disrupted by locally inhibiting protein synthesis, indi- sized mRNA to localize selectively within activated den-
cating that the signals for mRNA localization reside in dritic domains.
the mRNA itself. This novel mechanism through which Our experiments to identify the signals that regulate
newly synthesized mRNA is precisely targeted to acti- the intracellular trafficking of newly synthesized mRNA
vated synapses is well suited to play a role in the have focused on the transcript of an immediate-early
enduring forms of activity-dependent synaptic modifi- gene (IEG) named Arc, for activity-regulated cytoskele-
ton-associated protein (Lyford et al., 1995), also knowncation that require protein synthesis.
as Arg3.1 (Link et al., 1995). Arc offers special advan-
tages for studies of mRNA trafficking, because it is ex-Introduction
pressed as an IEG, yet its mRNA is rapidly delivered
into dendrites (Lyford et al., 1995; Wallace et al., 1998).Long lasting forms of activity-dependent synaptic modi-
Hence, the intracellular trafficking of the mRNA can befication are thought to require gene expression (Kang
studied in a way that is not possible with mRNAs thatand Schumann, 1996; Nguyen and Kandel, 1996; Frey
are expressed constitutively.and Morris, 1997; Martin et al., 1997), but the events
To determine if signaling events at synapses regulatebetween synaptic activation, gene induction, and the
the localization of Arc mRNA within dendrites, we tookmodification of individual synapses remain to be de-
advantage of the projection from the medial entorhinalfined. The characteristics of enduring forms of long-term
cortex (EC) to the dentate gyrus, the medial perforantpotentiation (LTP) imply that the mechanism probably
path (MPP), which terminates in a precisely defined lam-
involves (1) a signal transduction event at the activated
ina in the middle molecular layer of the dentate gyrus
synapses that marks them for subsequent modification (Steward, 1976). This pathway can be selectively acti-
(Frey and Morris, 1997), (2) a signaling process that mod- vated by positioning stimulating electrodes in the medial
ulates gene expression in the postsynaptic neuron, (3) EC, so as to produce a band of activated synapses in
the synthesis of particular gene products that are neces- the molecular layer. This is the pathway in which LTP
sary for bringing about the synaptic modifications, and was first described (Bliss and Lomo, 1973), and the late
(4) the delivery of these gene products to the individual phase of this form of LTP requires transcription and
synapses that are to be modified. All of these events translation (Krug et al., 1984; Otani and Abraham, 1989;
must be coordinated in such a way that modifications Otani et al., 1989; Nguyen and Kandel, 1996).
occur selectively in those synapses that experienced Here, we demonstrate that high frequency activation
the appropriate patterns of activity. of perforant path synapses both induces Arc expression
One mechanism that could mediate several of the and causes newly synthesized Arc mRNA to localize
selectively in the synaptically activated dendritic lamina.
The exact localization pattern of Arc mRNA depends on³ To whom correspondence should be addressed (e-mail: os@
the synapses that were activated. Newly synthesizedvirginia.edu).
Arc protein also accumulates in the activated dendritic§ Present address: Center for Research on Occupational and Envi-
lamina, suggesting that localization of the mRNA under-ronmental Toxicology, Oregeon Heath Sciences University, Port-
land, Oregon 97201. lies a local synthesis of Arc protein. The distribution of
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Figure 1. Repeated High Frequency Stimulation of the Pathway from the Medial EC to the Dentate Gyrus Leads to a Selective Localization
of Recently Synthesized Arc mRNA in Activated Dendritic Domains
(A) Overall organization of the hippocampal formation and the path of the recording electrode.
(B) Schematic illustration of how axons from the medial EC terminate on dentate granule cells.
(C) Simplified cartoon illustrating the pattern of termination of synapses of the MPP on granule cell dendrites.
(D) Current source density analysis of the depolarizing synaptic currents generated by stimulation of the MPP fibers.
(E and F) Distribution of Arc mRNA as revealed by digoxygenin-labeled cRNA probes in nonactivated dentate gyrus (this is the contralateral
side of the animal illustrated in (F) and after delivering high frequency trains to the MPP over a 2 hr period.
(F) The drawings of neurons (in white) illustrate the location of granule bodies and the orientation of dendrites in the dorsal and ventral blades.
Note the prominent band of labeling in the middle molecular layer, which contains the middle segments of granule cell dendrites.
(G) High magnification view of the distribution of Arc mRNA after 2 hr of perforant path stimulation (this is a different animal than the one
illustrated in [F]). The stick figure to the right schematizes the intracellular distribution of Arc mRNA.
(H) Graph illustrating the average OD of labeling across the molecular layer from the case illustrated in (F) and on the contralateral (control)
side of the same section. Bars indicate the standard deviation of the five measurements at each level.
Abbreviations: HF, hippocampal fissure; OML, outer molecular layer; MML, middle molecular layer; IML, inner molecular layer; GCL, granule
cell layer; mpp, medial perforant path. (D) is from White et al. (1990).
other constitutively expressed mRNAs is not affected. outer two-thirds of the molecular layer of the dentate
gyrus. Within that zone, the medial EC projects to theFinally, we demonstrate that the localization of Arc
mRNA is not disrupted by inhibiting protein synthesis, middle molecular layer, while the lateral EC projects to
the outer molecular layer (see Figure 1B, which schemat-indicating that localization depends on a signal in the
mRNA itself. ically illustrates the pattern of termination of the projec-
tions from the medial EC). These are not two entirely
distinct pathways; instead, the projections are topo-Results
graphically organized in a gradient along the dendrite.
Hence, by positioning a stimulating electrode in the me-The experimental setup is schematically illustrated in
Figure 1. The perforant path projections from the EC to dial EC, it is possible to selectively activate a band of
synapses that terminate on mid-proximodistal dendritesthe dentate gyrus terminate in a topographically orga-
nized fashion along the dendrites of dentate granule as schematically illustrated in Figure 1C. This is demon-
strated directly in Figure 1D using current source densitycells. In its entirety, the perforant path innervates the
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analysis. This graph illustrates that following activation accumulated in the middle dendritic regions that had
been selectively activated. It should be emphasized thatof the MPP, inward current flow (indicative of synaptic
depolarization) occurs in a discrete lamina in the middle Arc is unique among known IEG mRNAs; there is no
detectable labeling for other IEG mRNAs in any portionportion of the molecular layer (from White et al., 1990).
In initial experiments, the MPP was activated by using of the dendritic laminae after induction (see below and
Lyford et al., 1995; Wallace et al., 1998).the stimulation paradigm that is typically used to induce
LTP in the dentate gyrus (400 Hz trains, 8 pulses per To evaluate the time course of the localization pro-
cess, we compared the distribution of Arc mRNA aftertrain, delivered at a rate of 1/10 sec). Trains were deliv-
ered repeatedly over a 2 hr period at an intensity that 30 min, 1 hr, and 2 hr of high frequency stimulation of
the MPP. After 30 min, Arc mRNA was strongly inducedinitially evoked an approximately half-maximal popula-
tion spike (1±3 mV amplitude). Recordings carried out in dentate granule cells, but there was no labeling in the
molecular layer (compare Figure 2A, control, with Figurebefore and after the stimulation period indicated that
the stimulation produced robust synaptic potentiation 2B). The complete absence of labeling in the molecular
layer after 30 min again emphasizes that the mRNA isin every experiment (data not shown).
not expressed by glial cells. After 1 hr of stimulation,
there was a clear band of labeling in the middle molecu-
Arc mRNA Is Differentially Targeted to Dendritic lar layer (Figure 2C). Indeed, the pattern of labeling at
Domains that Have Been Synaptically Activated this time appeared qualitatively similar to the pattern at
Previous studies have shown that brief periods of high 2 hr (Figure 2D). Hence, Arc mRNA appears to localize
frequency stimulation of the perforant path strongly in- selectively in the synaptically activated lamina as it mi-
duce Arc expression in dentate granule cells and that the grates into the dendrites. Figure 2E illustrates a quantita-
newly synthesized Arc mRNA migrates into dendrites tive assessment of the average OD levels across the
(Lyford et al., 1995). After the longer stimulation periods granule cell layer and molecular layer in representative
used here, there was a strikingly different labeling pat- cases at the different time points.
tern; in addition to the high levels of labeling in granule
cell bodies, there was a striking band of labeling for
newly synthesized Arc mRNA in the middle molecular The Pattern of Localization of Arc mRNA Depends
on the Afferents that Are Activatedlayer that corresponded exactly to the location of the
band of synapses that had been activated (compare Different afferent projections to the dentate gyrus termi-
nate in different laminae in the molecular layer. Hence,Figure 1E, which illustrates the resting levels of Arc
mRNA in the nonactivated dentate gyrus contralateral it was of interest to determine whether Arc mRNA could
be differentially targeted by activating synapses thatto the stimulation, with Figure 1F, which illustrates the
distribution of Arc mRNA following 2 hr of stimulation terminate at various proximodistal levels on the den-
drite. Figure 3 illustrates this experiment. In the caseof the MPP). High magnification views of a different case
stimulated in an identical fashion (Figure 1G) reveal a illustrated in Figure 3A, the commissural projection to
the dentate gyrus was stimulated at high frequency fordiffuse granular pattern of labeling in the molecular layer,
with no indication of labeling in glial cell bodies that are 2 hr. The synapses of the commissural pathway are
excitatory and terminate in the inner third of the molecu-present throughout the molecular layer. These facts,
and the fact that the labeling following stimulation is lar layer. However, stimulation of this pathway also
evokes strong GABAergic inhibition; indeed, the induc-first seen in granule cell bodies (Figure 2), strongly sup-
port the interpretation that the mRNA that accumulates tion of LTP in this pathway requires that this inhibition
be blocked (Steward et al., 1990). Hence, for this experi-in the molecular layer is in the dendrites of granule cells.
The degree of enrichment of labeling in the activated ment, we used the same strategy previously used to
permit LTP, whereby the recording micropipette con-lamina was assessed by measuring the optical density
(OD) of the labeling across the molecular layer. As illus- tained 40 mM bicuculline. We have previously shown
that the diffusion of the bicuculline from the pipettetrated in Figure 1H, there was a distinct peak of labeling
in the middle portion of the molecular layer, indicating blocks GABAergic inhibition locally in an area of about
1 mm in diameter (Steward et al., 1990). As illustratedan accumulation of the newly synthesized Arc mRNA in
the middle dendritic regions. A distinct band of labeling in Figure 3A, stimulation of the commissural pathway
strongly induced Arc expression in a small region nearfor the newly synthesized Arc mRNA was seen in every
experiment in which the MPP was activated in this fash- the recording electrode. In the area in which Arc was
induced, there was a highly defined band of labelingion (nine out of nine experiments); three different cases
are illustrated in Figures 1E, 1G, and 2C to illustrate the for newly synthesized Arc mRNA in the inner molecular
layerÐexactly the layer in which the commissural path-consistency of the findings. Quantitative analyses of OD
across the molecular layer in five representative cases way terminates. Note the sharp distal boundary of label-
ing, representing the sharp boundary between the areathat experienced 2 hr of stimulation of the MPP indicated
that the peak OD in the middle molecular layer was an of the molecular layer innervated by the commissural
pathway and the middle molecular layer, which is inner-average of 18% higher than the OD in the inner molecular
layer (which contains proximal dendrites) and 283% vated EC. The graph in Figure 3F illustrates a plot of OD
across the granule cell layer and molecular layer in thehigher than the OD in the outer molecular layer (which
contains distal dendrites). These results suggest that case illustrated in 3A. For comparison, Figures 3B and
3G illustrate the selective localization of Arc mRNA inthe Arc mRNA that had been synthesized in granule cell
nuclei passed through the proximal dendritic zones and the middle molecular layer following activation of the
Neuron
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Figure 2. Time Course of Accumulation of Arc mRNA in Activated Dendritic Laminae
(A) through (C) illustrate the distribution of Arc mRNA in the nonstimulated dentate gyrus (A) and after 30 min (B), 1 hr (C), and 2 hr (D) of high
frequency activation of the MPP. The white bars illustrate the approximate sites from which the OD measurements were taken.
(E) Average OD levels across the granule cell layer and molecular layer in representative cases at the different time points. Abbreviations are
the same as in Figure 1.
MPP. Figures 3C and 3H illustrate the pattern of labeling have previously found that such seizures induce Arc
expression in the dentate gyrus. In this experiment, how-following activation of projections from the lateral EC
that terminate on more distal dendritic segments. In the ever, the animal was allowed to survive for 2 hr and was
then prepared for in situ hybridization. This pattern ofcase illustrated in Figure 3C, the overall extent of Arc
induction was somewhat less (consistent with the fact labeling, in which Arc mRNA is uniformly distributed
across the molecular layer, is identical to what is seenthat the more distally terminating synapses are less ca-
pable of producing strong depolarization at the cell body following electroconvulsive seizures (see below) and is
distinctly different than what is seen following selectivethan those terminating more proximally). Nevertheless,
there was a clearly discernable band of labeling in distal activation of particular afferents.
dendritic regions (Figures 3C and 3H). Thus far, we have
been unable to target Arc mRNA to the most distal den- The Events that Trigger Arc Expression versus
Localization Are Separabledritic regions innervated by the lateralmost portion of
the EC. This is likely due to the fact that these projections Both synaptic activation and seizures induce Arc ex-
pression, but only the former leads to the selective local-are not sufficiently powerful to strongly depolarize the
distal dendrites. ization of Arc mRNA in particular dendritic laminae. This
raises the possibility that induction and localization areThe lamina-specific patterns of localization following
afferent activation are distinctly different than the uni- regulated separately. Hence, additional experiments
were carried out to further evaluate the relationship be-form distribution of the induced mRNA throughout the
dendritic laminae that is seen after a seizure (Figures tween synaptic activation, the induction of Arc expres-
sion, and the targeting of the mRNA to active synaptic3D and 3I). For example, Figure 3D illustrates the pattern
of labeling in a case in which a seizure occurred as a sites.
It has previously been shown that low frequency acti-consequence of the penetration of a recording electrode
into the hippocampus. Such seizures occur occasionally vation of the perforant path in unanesthetized animals
does not induce Arc expression in dentate granule cells,during electrode placement. Usually, when such sei-
zures occur, the experiment is terminated, because we whereas high frequency stimulation is effective (Lyford
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Figure 3. The Pattern of Localization of Arc mRNA Depends on the Afferents that Are Activated
(A) Distribution of Arc mRNA after high frequency activation of the commissural projection to the dentate gyrus, which terminates in the inner
third of the molecular layer. In this experiment, the recording micropipette contained 40 mM bicuculline in order to block GABAergic inhibition
locally. (F) illustrates the corresponding plot of OD across the granule cell layer and molecular layer.
(B) Distribution of Arc mRNA after activation of the MPP. (G) illustrates the corresponding plot of OD across the granule cell layer and molecular
layer.
(C) Distribution of Arc mRNA after activation of projections from the lateral EC, which terminate on more distal dendritic segments. (H) illustrates
the corresponding plot of OD across the granule cell layer and molecular layer.
(D) Distribution of Arc mRNA 2 hr after a seizure triggered inadvertantly by the penetration of a recording electrode into the hippocampus. (I)
illustrates the corresponding plot of OD across the granule cell layer and molecular layer.
(E) Distribution of Arc mRNA after a seizure triggered inadvertantly by the penetration of a recording electrode into the hippocampus, which
was then followed by 2 hr of test stimulation at low frequency (0.8 pulses/sec). (J) illustrates the corresponding plot of OD across the granule
cell layer and molecular layer.
et al., 1995). To confirm that the same is true under the was distributed uniformly across the molecular layer in
a pattern that was identical to what was seen followingpresent experimental conditions, in which stimulation
was delivered during acute neurophysiological experi- a seizure alone (compare with Figure 3D). The graphs
in Figures 3F±3J illustrate the levels of Arc mRNA acrossments in anesthetized animals, we delivered the same
number and intensity of stimuli over the same time pe- the granule cell layer and molecular layer in the cases
illustrated in Figures 3A±3E.riod (2 hr) as in the high frequency stimulation paradigm
but at a lower frequency that does not cause LTP (0.8 Next, we evaluated whether newly synthesized Arc
mRNA that was induced by a generalized seizure couldpulses/sec). Stimulation at this frequency led to depres-
sion of the evoked responses rather than potentiation be targeted selectively as a consequence of subsequent
synaptic activation. For this experiment, Arc expressionand produced neither an induction of Arc expression
nor any indication of mRNA accumulation in the middle was induced bilaterally by eliciting a single electrocon-
vulsive seizure (ECS) in an animal that had been anesthe-molecular layer of the dentate gyrus (data not shown).
Because Arc was not induced by the low frequency tized and prepared for acute neurophysiological re-
cording. Then, beginning 10 min after the ECS, highstimulation, it could not be determined whether the stim-
ulation would be sufficient for localization if the mRNA frequency stimulation was delivered to the MPP in one
hemisphere for 2 hr. On the side on which the perforantwas present. To evaluate this possibility, we again took
advantage of the fact that the penetration of a recording path had been activated after the ECS, newly synthe-
sized Arc mRNA was localized selectively in the acti-electrode into the dentate gyrus occasionally triggers a
seizure. In an experiment in which a seizure occurred, vated dendritic domain (Figure 4A). In contrast, Arc
mRNA was uniformly distributed in the molecular layerwe delivered test stimulation as the response recovered
(z3 min), set the stimulus intensity so as to evoke a on the ECS-only side (Figure 4B).
It was noteworthy that the levels of labeling in thepopulation spike of z3 mV, and then continued test
stimulation at a rate of 1/10 sec for 2 hr. As illustrated outer molecular layer on the stimulated side were lower
than on the ECS-only side. This labeling pattern sug-in Figure 3E, the low frequency stimulation did not cause
Arc mRNA to localize within the activated laminae; in- gests that the accumulation of the newly synthesized
mRNA in the dendritic domains that had been stronglystead, the mRNA that had been induced by the seizure
Neuron
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Figure 4. The Induction and Targeting of Arc mRNA Are Indepen-
dently Regulated
A single ECS was elicited by delivering a 40 mA/60 Hz current (0.5
sec duration) via ear clip electrodes in an animal that had been
anesthetized with Nembutal and prepared as described above for
stimulation and recording. Then, high frequency trains were deliv-
ered over a 2 hr period to the MPP on one side.
(A) Distribution of Arc mRNA on the side on which afferent stimula-
tion had been delivered after inducing a single ECS.
(B) Distribution of Arc mRNA on the side that did not receive MPP
stimulation. Note the selective localization of Arc mRNA on the
stimulated side and the uniform distribution on the ECS-only side.
Abbreviations are the same as in Figure 1.
activated (the middle molecular layer) may have pre-
vented the mRNA from migrating further into distal den-
dritic domains (the outer molecular layer). It is also possi-
Figure 5. Localization of Arc mRNA in Activated Dendritic Laminae
ble, however, that synaptic activation of middle dendritic Is Associated with a Local Accumulation of Arc Protein
regions somehow accelerated mRNA degradation in (A) and (B) illustrate the immunostaining pattern for Arc protein
distal dendritic zones. after 2 hr of high frequency stimulation of the perforant path ([A],
Taken together, these results indicate that low fre- nonactivated side; [B], synaptically activated side).
(C and D) Immunostaining pattern for Arc protein in the animal thatquency stimulation is not sufficient to induce the selec-
received a single ECS and then high frequency stimulation of thetive targeting of Arc mRNA; in contrast, high frequency
perforant path (compare with Figure 4). The track of the record-trains that are sufficient to induce LTP are effective.
ing electrode can be seen on the right hand side of the photograph
The results also suggest that the mRNA induced by a in (C).
generalized seizure can be targeted by signals that are Abbreviations are the same as in Figure 1.
generated subsequently via synaptic activation. It can-
not be completely excluded, however, that the afferent studies indicating a uniform distribution of immunostain-
stimulation causes a degradation of the mRNA that had ing following ECS (Lyford et al., 1995; Wallace et al.,
been induced by the seizure and that only the mRNA that 1998).
was synthesized in response to the localized synaptic The fact that synaptic activation leads to the selective
activation was targeted to the activated laminae. targeting of both recently synthesized mRNA and pro-
tein suggests that the targeting of the mRNA underlies
a local synthesis of the protein. An alternative possibility,
Localization of Arc mRNA in Activated Dendritic however, is that mRNA localization is actually mediated
Laminae Is Associated with a Local by the selective targeting of the nascent protein as it is
Accumulation of Arc Protein being translated. To exclude the latter possibility, we
Immunostaining of tissue sections from stimulated ani- assessed whether mRNA localization was disrupted
mals using an Arc-specific antibody revealed a clear when protein synthesis was blocked. We inhibited pro-
band of newly synthesized protein in the same dendritic tein synthesis locally by positioning micropipettes filled
laminae in which Arc mRNA was concentrated (compare with puromycin (25 mg/ml in saline) or cycloheximide
Figure 5A, control, with Figure 5B, stimulated). A discrete (20 mg/ml in saline) in the dentate gyrus; the inhibitor-
band of immunostaining was also seen in the animal filled micropipettes also served as a recording elec-
that received a single ECS followed by perforant path trode. Both puromycin and cycloheximide were used
stimulation (Figure 5C). No such band was seen on the because of their different modes of action. Cyclohexi-
mide inhibits protein synthesis by blocking elongationECS-only side (Figure 5D), consistent with previous
Targeting mRNA to Activated Synapses
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Figure 6. The Selective Localization of Arc mRNA in Activated Dendritic Domains Is Not Blocked by Inhibiting Protein Synthesis
The photomicrographs illustrate the distribution of Arc mRNA as revealed by digoxygenin-labeled probes.
(A) Nonstimulated (control) side.
(B) Stimulated side (2 hr of stimulation as described in Figure 1).
A recording micropipette filled with puromycin (25 mg/ml in saline) was present on the stimulated side. The track of the micropipette can be
seen in (B), and the very small area of decreased labeling indicates the area that was directly damaged by the pipette. (C) and (D) illustrate
the immunostaining pattern for Arc protein in nearby sections. The diffusion of the puromycin from the pipette produced an area several
hundred micrometers in diameter in which protein synthesis was inhibited as documented by the absence of induced expression of Arc
protein (see arrows in [D]). Note the blockade of Arc protein expression in part of the dentate gyrus (see arrows in [D]), indicating the area of
effective protein synthesis inhibition. A laminated pattern of labeling for Arc mRNA is still evident as documented by the high magnification
photomicrograph in (E), which is taken in the center of the area of inhibition. Note the band of increased labeling in the middle molecular
layer (white arrowheads) and the relatively higher levels of labeling for Arc mRNA in the areas in which protein synthesis had been inhibited.
Abbreviations are the same as in Figure 1.
of the nascent peptide chain; puromycin is incorporated underlies a local synthesis of Arc protein in the activated
dendritic laminae.into the peptide chain, causing premature peptide chain
termination and disaggregating mRNA and ribosomes As an aside, neither puromycin nor cycloheximide
blocked the synaptic potentiation that was seen immedi-(Reid et al., 1970). High frequency stimulation was deliv-
ered, and the localization of Arc mRNA was evaluated ately after high frequency stimulation (data not shown).
This is expected, since treatment with protein synthesisin the area in which protein synthesis was blocked. The
area of effective protein synthesis inhibition was defined inhibitors block only the late phase of perforant path
LTP; the potentiation that is seen immediately after highby immunostaining sections for Arc protein or for c-fos
protein, another IEG that is induced by high frequency frequency stimulation is not affected (Frey et al., 1988).
stimulation. Areas of effective inhibition were identified
by the absence of induced Arc or c-fos protein (for an Synaptic Activation Does Not Cause Other IEG
mRNAs to Localize in Dendrites or Alterexample of immunostaining for Arc protein, see Fig-
ure 6D). the Distribution of mRNAs that Are
Present Constitutively in DendritesAs illustrated in Figures 6B and 6E, Arc mRNA still
accumulated selectively in the middle molecular layer One explanation for the selective localization of newly
synthesized Arc mRNA to the activated dendritic lami-in the areas in which protein synthesis was inhibited by
puromycin, even though the levels of Arc mRNA were nae is that synaptic activation generates some ªtagº
that causes an mRNA with an appropriate localizationhigher in the area of protein synthesis inhibition (Figure
6). Similar results were obtained with cycloheximide- signal to dock selectively. Alternative possibilities are
that (1) synaptic activation causes a general reorganiza-filled micropipettes. Activity-dependent localization of
Arc mRNA was also unaffected in two animals that re- tion of the dendritic cytoplasm or cytoskeleton, such
that any mRNA would be trapped in the synapticallyceived systemic injections of cycloheximide (20 mg/kg
intraperitoneally, data not shown). The fact that Arc activated laminae, or (2) activation of granule cells via
one set of synapses caused a selective degradationmRNA was selectively localized when protein synthesis
is inhibited indicates that localization of the mRNA is of mRNA in nonactivated dendritic laminae. To explore
these alternative possibilities, we evaluated whethernot determined by the encoded protein. Although it can-
not be completely excluded that there are separate perforant path stimulation led to the accumulation of
the mRNA for another IEG in the dendritic laminae (themechanisms for targeting the mRNA and protein, the
most direct explanation is that the targeting of the mRNA mRNA for NGFI-A (Milbrandt, 1987), also called Zif 268
Neuron
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high frequency stimulation of the perforant path. These
results indicate that the selective localization of newly
synthesized Arc mRNA cannot be due to some general
alteration in the dendritic cytoskeleton or to a general
degradation of mRNA in the nonactive laminae.
Discussion
The present study reveals the existence of a previously
unknown mechanism through which newly synthesized
mRNA is targeted to dendritic regions that have been
activated by afferent stimulation. These results add to
the emerging story that mRNA trafficking within neurons
is a regulated process (Knowles and Kosik, 1997) and
demonstrate that synaptic activity creates some signal
that causes certain mRNAs to localize at or near the
active postsynaptic sites. These findings indicate that
neurons possess a mechanism that permits them to
selectively address newly synthesized mRNA to syn-
apses based on their activational history. It is not yet
clear how precise this localization mechanism is; in par-
ticular, it remains to be seen whether the mRNA is selec-
tively localized at the active synapses or is more gener-
ally localized in the region of the dendrite contacted by
the active synapses. In either case, the mechanism that
underlies the targeting of newly synthesized mRNA to
activated dendritic domains is well suited to play a role
in the long lasting forms of activity-dependent synaptic
modification that require protein synthesis.
The Expression Dynamics of Arc Provide Unique
Advantages for Studies of mRNA Trafficking
Arc mRNA offers particular advantages for studies of
mRNA trafficking within neurons, because it is ex-
pressed as an IEG. Arc mRNA is expressed at very low
levels constitutively but is strongly induced by neuronal
activity; hence, the synthesis, intracellular transport, lo-
calization, and life history of Arc mRNA can be studied
in a way that is not possible with mRNAs that are ex-Figure 7. Synaptic Activation Does Not Cause Other IEG mRNAs to
Localize in Dendrites or Alter the Distribution of mRNAs that Are pressed constitutively. Previous studies of Arc have pro-
Present Constitutively in Dendrites vided insights into the dynamics of mRNA transport in
These panels illustrate the distribution of the mRNAs for Zif 268, dendrites and the targeting signals that select certain
MAP2, and CaM Kinase II in an animal that had received high fre- mRNAs from a vast pool of other transcripts for export
quency stimulation of the MPP for 2 hr.
into dendrites (Wallace et al., 1998). The present results(A and B) Distribution of the mRNA for Zif 268.
extend the story by demonstrating that not only the(C and D) Distribution of the mRNA for MAP2.
routing into dendrites but also the intradendritic localiza-(E and F) Distribution of the mRNA for CaM Kinase II.
Nonstimulated side, (A), (C), and (F); stimulated side, (B), (D), and tion of the newly synthesized mRNA are precisely con-
(F). Abbreviations are the same as in Figure 1. trolled. It remains to be seen whether Arc mRNA has
features that are entirely unique or whether Arc is a
representative of a group of mRNAs that are targeted(Christy et al., 1988). NGFI-A/Zif 268 is strongly induced
in a similar way.by the same patterns of activity that induce Arc but
normally remains tightly localized to the cell body region.
We also evaluated whether afferent activation altered mRNA Trafficking in Neurons Is a Multistep Process
Studies of other cell types in which mRNAs are differen-the distribution of two other mRNAs that are present
constitutively in dendrites (the mRNAs for CaM Kinase tially localized suggest that mRNA trafficking involves
two distinct steps: transport from one site to anotherII and MAP2). Figures 7A and 7B illustrate that Zif 268
mRNA was strongly induced following 2 hr of stimula- followed by a docking process that mediates selective
localization (Yisraeli et al., 1990; Steward and Singer,tion, but labeling remained tightly localized to the gran-
ule cell body layer; there was no evidence of labeling 1997). For example, in oligodendrocytes, separate do-
mains within myelin basic protein mRNA determinewithin the activated dendritic laminae. Moreover, there
was minimal if any alteration in the pattern of labeling transport into processes versus localization in mem-
brane sheets (Ainger et al., 1997). Our data suggest thatfor the mRNAs for CaM Kinase II (compare Figures 7B
and 7C) or MAP2 (Figures 7D and 7E) following 2 hr of the trafficking of Arc mRNA in neurons is also a two
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mRNA or the encoded protein (for a recent review, see
Steward and Singer, 1997). In the case of Arc, previous
studies have demonstrated that the routing of Arc mRNA
into dendrites continues in the absence of protein syn-
thesis (Wallace et al., 1998), suggesting that selection
for dendritic transport is mediated by a routing signal
within the mRNA itself. These previous experiments in-
volved systemic injections of cycloheximide, which in-
hibits protein synthesis by blocking elongation of the
nascent peptide chain but does not disaggregate poly-
somes. Hence, the question remained about whether
Arc mRNA was transported in a complex with ribo-
somes. The present study provides additional insights
regarding this question by demonstrating that the selec-
tive delivery of Arc into dendrites also continues in the
presence of puromycin, which inhibits protein synthesis
by causing premature peptide chain termination, which
in turn causes a disaggregation of mRNA and ribosomes
(Reid et al., 1970). While it remains to be confirmed that
puromycin does cause a disaggregation of Arc mRNA
and polyribosomes, it seems likely that the Arc mRNA
that appears in dendrites in the presence of puromycin
is not in a complex with ribosomes.
The present study also demonstrates that the selec-
tive localization of Arc mRNA at active synapses is not
disrupted by inhibiting protein synthesis. Hence, neither
dendritic transport nor localization can be mediated by
Figure 8. The Steps Involved in Delivering mRNA to Synapses a mechanism that depends on the nascent protein. In-
stead, both routing of Arc mRNA into dendrites and
localization at active synapses most likely occur based
step process and that each step can be regulated inde- on signals in the mRNA sequence itself.
pendently. For example, postsynaptic activity induces
Arc mRNA synthesis and leads to the delivery of the
mRNA throughout dendrites. Synaptic activation then mRNA Targeting Provides a Potential Mechanism
causes the mRNA to localize selectively within activated for Enduring Forms of Synapse-Specific Plasticity
dendritic domains (Figure 8). The novel mechanism revealed here, through which re-
With the goal of developing a standard terminology, cently synthesized mRNAs are targeted to active syn-
we propose the following terms to refer to the steps apses, is ideally suited to mediate protein synthesis±
involved in mRNA trafficking and localization within neu- dependent, synapse-specific long-term plasticity. The
rons. First, we propose the term ªroutingº to refer to the pattern of stimulation used to induce mRNA localization
processes through which particular mRNAs are retained is the one that is typically used to induce LTP in the
in the cell body or exported into dendrites or axons. The dentate gyrus and is preferred because this kind of activ-
signals that direct the routing (which in other cell types ity simulates patterns of spike trains seen in cortical
are often located in the mRNA sequence) would then neurons (for a discussion, see Bliss and Lynch, 1988).
be termed ªrouting signals.º This signal has also been It is important to emphasize, however, that it was not
called an ªRNA zip codeº (Steward and Singer, 1997). our goal in the present experiments to establish a direct
Second, ªlocalizationº refers to the selective accumula- link between the induction and synaptic localization of
tion of mRNA at a particular intracellular site (for exam- Arc mRNA and the induction of enduring LTP. Establish-
ple, a synapse that has recently been activated). Signals ing this link will require an evaluation of whether the
within the mRNA sequence or the encoded protein that patterns of activation that are necessary and sufficient
mediate localization would then be termed ªlocalization to induce LTP are also necessary and sufficient to in-
signals,º and the addresses that mark an intracellular duce mRNA localization. The fact that newly synthesized
site and cause a particular mRNA to localize selectively Arc protein accumulates selectively in the dendritic lami-
would be termed ªaddress markers.º Our study provides nae in which Arc mRNA is localized also suggests that
the first direct evidence that neurons actually do pos- targeting of the mRNA underlies a local synthesis of the
sess mechanisms for both routing and localization and protein. Nevertheless, to completely exclude the possi-
indicates that localization is mediated in part by signals bility that there are separate mechanisms that target
that are generated by synaptic activation. Arc mRNA and protein, it will be necessary to develop
ways to disrupt mRNA targeting and then evaluate
whether this also disrupts protein localization. It remainsRouting and Localization of Arc mRNA are Mediated
by Signals in the mRNA Sequence to be established whether local synthesis of Arc protein
plays a key role in synaptic plasticity and whether ArcStudies of other cell types suggest that routing and
localization of mRNA are often mediated by different is unique in this regard or is representative of a family
of genes that are targeted to synapses by activity.signals; these signals can in principle lie in either the
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Experimental Procedures (958C for 5 min) to recover antigenicity and then immunostained by
using an antiserum for Arc protein (for details on antibody production
and characterization, see Lyford et al., 1995). Sections were incu-Neurophysiological Techniques
Adult male Sprague-Dawley rats were anesthetized with Nembutal bated for 72 hr in the primary antibody (1:200 dilution); subsequent
immunocytochemical procedures were as described in Wallace etor urethane and positioned in a stereotaxic apparatus. Stimulating
and recording electrodes were positioned stereotaxically so as to al. (1998).
For quantitative assessment of labeling, OD measurements wereselectively activate different afferent projections while recording in
the dentate gyrus as described in Levy and Steward (1979) and taken across the granule cell layer and molecular layer with an M4
Microcomputer Imaging Device (MCID), Imaging Research. DigitalSteward et al. (1990). To activate the projections from the medial
EC, a monopolar stimulating electrode (an insulated tungsten micro- images of an area of the suprapyramidal blade of the dentate gyrus
were collected at 4003 (approximately the area illustrated in Figureelectrode) was positioned at 4.0 mm lateral to the midline and 1.0
mm anterior to the transverse sinus. To activate the projections 1G). The light intensity was adjusted so that areas exhibiting back-
ground levels of labeling (the hilus contralateral to the side of thefrom the lateral EC, the electrode was positioned at 5.5 mm lateral
and 1.5 mm anterior to the transverse sinus. The commissural pro- stimulation) were just above threshold, whereas areas exhibiting
maximal levels of labeling (the granule cell layer ipsilateral to thejections to the dentate gyrus were activated by positioning the stim-
ulating electrode in the CA3/hilar region contralateral to the re- stimulation) were within the measuring range. Then, a series of OD
measurements were taken across the granule cell layer and molecu-cording electrode (coordinates for the stimulating electrode were
4.0 mm posterior to bregma and 2.0 mm lateral to the midline). In lar layer with a 20 mm 3 20 mm measuring frame (see Figure 1). A
row of five separate measurements were taken at each level of theall cases, the depth of the stimulating electrode was adjusted so
as to obtain a maximal evoked response in the dentate gyrus at granule cell layer and molecular layer, and the OD values at each
level (called row numbers in the figures) were averaged. The valuesminimal stimulus intensity.
Recording electrodes were glass micropipettes filled with 0.9% in the graphs illustrate the mean and standard deviation of the five
measurements.saline that were positioned at 3.5 mm posterior to bregma and
1.5±2.0 mm lateral to the midline. The recording electrodes were
positioned in the cell layer of the dentate gyrus based on the evoked Acknowledgments
responses generated by EC stimulation. For the experiments involv-
ing stimulation of the commissural pathway, the recording micropi- Thanks to Christine Duncan, Debbie Keelean, and Leanna Whitmore
pette contained 40 mM bicuculline as described in Steward et al. for technical assistance and to Paula Falk for quantitative analyses
(1990). The tips of the electrodes were broken off to promote diffu- and imaging. This work was supported by National Institutes of
sion of the inhibitors into the tissue. Health grant NS12333 (O. S), National Science Foundation grant
After positioning the stimulating and recording electrodes, stimu- IBN92±22120 (O. S.), National Institutes of Health grant MH53603
lus intensity was set so as to evoke an z1±3 mV population spike. (P. F. W.), and National Institutes of Health/National Institute of
Single test pulses were then delivered at a rate of 1/10 sec for 5±10 Neurological Disorders and Stroke Individual National Research Ser-
min so as to determine baseline response amplitude. Then, trains vice Award NS0973 (C. S. W).
of high frequency stimuli (8 pulses at 400 Hz) were delivered at a
rate of 1/10 sec for 30 min or 1 or 2 hr. At the end of the period of Received May 28, 1998; revised August 26, 1998.
high frequency stimulation, test responses were delivered in order
to determine the extent of the synaptic potentiation that had been References
induced. Control experiments involved delivering the same number
and intensity of stimuli over the same time period (2 hr) but at a low Ainger, K., Avossa, D., Diana, A.S., Barry, C., Barbarese, E., and
frequency that does not cause LTP (0.8 pulses/sec). Carson, J.H. (1997). Transport and localization elements in myelin
In the experiment in which an ECS was elicited prior to perforant basic protein mRNA. J. Cell Biol. 138, 1077±1087.
path stimulation, stimulation and recording electrodes were posi- Bliss, T.V.P., and Lomo, T. (1973). Long-lasting potentiation of syn-
tioned, test pulses were collected, and then an electroconvulsive aptic transmission in the dentate area of the anesthetized rabbit
seizure was induced via ear clip electrodes as described in Wallace following stimulation of the perforant path. J. Physiol. (Lond) 232,
et al. (1998). Response amplitude was monitored for 10 min, and 331±356.
then high frequency stimulation was initiated as described above.
Bliss, T.V.P., and Lynch, M.A. (1988). Long-term potentiation of syn-To locally inhibit protein synthesis within the dentate gyrus, re-
aptic transmission in the hippocampus: properties and mechanisms.cording micropipette electrodes were filled with either puromycin
In Long-Term Potentiation: From Biopysics to Behavior, P.W. Lan-or cycloheximide (20 mg/ml or 25 mg/ml of 0.9% saline, respec-
field and S.A. Deadwyler, eds. (New York: Alan R. Liss), pp.3±72.tively). The area of effective protein synthesis inhibition was defined
Christy, B.A., Lau, L.F., and Nathans, D. (1988). A gene activated inby immunostaining sections for Arc protein or for c-fos protein,
mouse 3T3 cells by serum growth factors encodes a protein withwhich are induced by the stimulation. The area of effective protein
ªzinc fingerº sequences. Proc. Natl. Acad. Sci. USA 85, 7857±7861.synthesis inhibition produced in this way was about 1.5 mm in diam-
eter. In two additional experiments, protein synthesis was blocked Frey, U., and Morris, R.G.M. (1997). Synaptic tagging and long-term
potentiation. Nature 385, 533±536.globally by injecting cycloheximide systemically (20 mg/kg body
weight) as described in Wallace et al. (1998). Frey, U., Krug, M., Reymann, K.G., and Matthies, H. (1988). Aniso-
mycin, an inhibitor of protein synthesis, blocks late phases of LTP
phenomena in the hippocampal CA1 region in vitro. Brain Res. 452,In Situ Hybridization and Immunocytochemistry
57±65.At the termination of the neurophysiological experiment, rats re-
ceived a lethal dose of anesthetic (100 mg/kg of Nembutal given Kang, H., and Schumann, E.M. (1996). A requirement for local protein
intraperitoneally). When deeply anesthetized, the animals were per- synthesis in neurotrophin-induced hippocampal synaptic plasticity.
fused with 4% paraformaldehyde. The brains were removed and Science 273, 1402±1406.
stored in fixative overnight; on the following day, the brains were Knowles, R.B., and Kosik, K.S. (1997). Neurotrophin-3 signals redis-
sectioned with a vibratome, and sections were collected and stored tribute RNA in neurons. Proc. Natl. Acad. Sci. USA 94, 14804±14808.
in phosphate buffer (pH 7.4).
Krug, M., Lossner, B., and Ott, T. (1984). Anisomycin blocks the lateFor in situ hybridization, sections were mounted on polylysine-
phase of long-term potentiation in the dentate gyrus of freely movingcoated microscope slides and then hybridized with digoxygenin-
rats. Brain Res. Bull. 13, 39±42.labeled cRNA probes as described in Wallace et al. (1998). Details
Levy, W.B., and Steward, O. (1979). Synapses as associative mem-regarding the cRNA probes used for Arc, NGFI-A/Zif 268, MAP2,
ory elements in the hippocampal formation. Brain Res. 175, 233±245.and CaM Kinase II mRNAs have been described previously (Paradies
and Steward, 1997; Wallace et al., 1998). Link, W., Konietzko, G., Kauselmann, G., Krug, M., Schwanke, B.,
Frey, U., and Kuhl, K. (1995). Somatodendritic expression of anFor immunocytochemistry, vibratome sections were heat-treated
Targeting mRNA to Activated Synapses
751
immediate early gene is regulated by synaptic activity. Proc. Natl.
Acad. Sci. USA 92, 5734±5738.
Lyford, G.L., Yamagata, K., Kaufmann, W.E., Barnes, C.A., Sanders,
L.K., Copeland, N.G., Gilbert, D.J., Jenkins, N.A., Lanahan, A.A., and
Worley, P.F. (1995). Arc, a growth factor and activity-regulated gene,
encodes a novel cytoskeleton-associated protein that is enriched
in neuronal dendrites. Neuron 14, 433±445.
Martin, K.C., Casadio, A., Zhu H., E.Y., Rose, J.C., Chen, M., Bailey,
C.H., and Kandel, E.R. (1997). Synapse-specific, long-term facilita-
tion of aplysia sensory to motor synapses: a function for local protein
synthesis in memory storage. Cell 91, 927±938.
Milbrandt, J. (1987). A nerve growth factor±induced gene encodes
a possible transcriptional regulatory factor. Science 238, 797±799.
Nguyen, P.V., and Kandel, E.R. (1996). A macromolecular synthesis-
dependent late phase of long-term potentiation requiring cAMP in
the medial perforant pathway of rat hippocampal slices. J. Neurosci.
16, 3189±3198.
Otani, S., and Abraham, W.C. (1989). Inhibition of protein synthesis
in the dentate gyrus, but not the entorhinal cortex, blocks mainte-
nance of long-term potentiation in rats. Neurosci. Lett. 106, 175±180.
Otani, S., Marshall, C.J., Tate, W.P., Goddard, G.V., and Abraham,
W.C. (1989). Maintenance of long-term potentiation in rat dentate
gyrus requires protein synthesis but not messenger RNA synthesis
immediate post-tetanization. Neuroscience 28, 519±526.
Paradies, M.A., and Steward, O. (1997). Multiple subcellular mRNA
distribution patterns in neurons: a nonisotopic in situ hybridization
analysis. J. Neurobiol. 33, 473±493.
Reid, I.M., Shinozuka, H., and Sidransky, H. (1970). Polyribosomal
disaggregation induced by puromycin and its reversal with time. An
ultrastructural study of mouse liver. Lab. Invest. Meth. Cell Biol. 23,
119±27.
Steward, O. (1976). Topographic organization of the projections from
the entorhinal area to the hippocampal formation of the rat. J. Comp.
Neurol. 167, 285±314.
Steward, O. (1983). Polyribosomes at the base of dendritic spines
of CNS neurons: their possible role in synapse construction and
modification. Cold Spring Harbor Symp. Quant. Biol. 48, 745±759.
Steward, O. (1997). mRNA localization in neurons: a multipurpose
mechanism. Neuron 18, 9±12.
Steward, O., and Fass, B. (1983). Polyribosomes associated with
dendritic spines in the denervated dentate gyrus: evidence for local
regulation of protein synthesis during reinnervation. Prog. Brain Res.
58, 131±136.
Steward, O., and Levy, W.B. (1982). Preferential localization of polyri-
bosomes under the base of dendritic spines in granule cells of the
dentate gyrus. J. Neurosci. 2, 284±291.
Steward, O., and Singer, R.H. (1997). The intracellular mRNA sorting
system: postal zones, zip codes, mail bags and mail boxes. In mRNA
Metabolism and Post-Transcriptional Gene Regulation, J.B. Hart-
ford and D.R. Morris, eds. (New York: Wiley-Liss), pp. 127±146.
Steward, O., Tomasulo, R., and Levy, W.B. (1990). Blockade of inhibi-
tion in a pathway with dual excitatory and inhibitory action unmasks
a capability for LTP that is otherwise not expressed. Brain Res. 516,
292±300.
Wallace, C.S., Lyford, G.L., Worley, P.F., and Steward, O. (1998).
Differential intracellular sorting of immediate early gene mRNAs de-
pends on signals in the mRNA sequence. J. Neurosci. 18, 26±35.
White, G., Levy, W.B., and Steward, O. (1990). Spatial overlap be-
tween populations of synapses determines the extent of their asso-
ciative interaction during the induction of long term potentiation and
depression. J. Neurophysiol. 64, 1186±1198.
Yisraeli, J.K., Sokol, S., and Melton, D.A. (1990). A two step model
for the localization of maternal mRNA in Xenopus oocytes: Involve-
ment of microtubules and microfilaments in the translocation and
anchoring of Vg1 mRNA. Development 108, 289±298.
